Few biomechanical data exist regarding whether the polyetheretherketone (PEEK) spacer or titanium spacer is better for posterior lumbar interbody fusion (PLIF). This study evaluated the biomechanical influence that these types of spacers with different levels of hardness exert on the vertebra by using finite element analysis including bone strength distribution. To evaluate the risk of spacer subsidence for PLIF, we built a finite element model of the lumbar spine using computed tomography data of osteoporosis patients. Then, we simulated PLIF in L3/4 and built models with the hardness of the interbody spacer set as PEEK and titanium. Bones around the spacer were subjected to different load conditions. Then, fracture elements and some stress states of the two modalities were compared. In both models of PLIF simulation, fracture elements and stress were concentrated in the bones around the spacer. Fracture elements and stress values of the model simulating the PEEK spacer were significantly smaller compared to those of the titanium simulation model. For PLIF of osteoporotic vertebrae, this suggested that the PEEK spacer is in a mechanical environment less susceptible to subsidence caused by microfractures of bone tissue and bone remodeling-related fusion aspects. Therefore, PEEK spacers are biomechanically more useful.
INTRODUCTION
Posterior lumbar interbody fusion (PLIF) is a technique that uses a bone graft for stabilization in the Open Access J. Biomedical Science and Engineering lumbar vertebrae, thereby providing bone fusion [1] . In recent years, PLIF, which uses posterior fixation with an interbody spacer filled with a bone graft and pedicle screw (PS), has been widely adopted as a treatment option that provides stability until spinal fusion occurs [2] [3] [4] [5] . This contributed to a higher fusion rate. However, in the vertebrae of the elderly, for whom PLIF is usually applied, complications resulting from instrumentation, such as spacer subsidence, loosening screws, and degeneration of the adjacent intervertebral disk, have become prevalent [6] [7] [8] . Currently, spacers with many different designs intended to provide early-stage stability necessary for interbody fusion have been commercialized. Those spacers are mainly made of polyetheretherketone (PEEK), titanium alloy, or pure titanium (Ti). However, clinical evidence regarding whether the PEEK or Ti spacer is more suitable for PLIF is limited [9] . Therefore, surgeons choose the type of spacer based on their own experience. Furthermore, biomechanical factors are also important when comparisons between those spacers are performed to determine the significance associated with durability, stress shielding, microdamage, and bone remodeling. Although this is a highly important subject, there is little biomechanical evidence regarding such biomechanical factors.
One of the established tools used to evaluate the biomechanical parameters of vertebral columns is finite element (FE) analysis [10] [11] [12] [13] [14] . Previous authors have compared the mechanical behavior of PEEK and Ti spacers for PLIF using FE models [13, 14] created using the theoretical values of morphological models and mechanical properties. However, comparative research involving an aged lumbar spinal specimen and FE models indicated that FE models with material properties created from theoretical values are insufficient and that inputting morphological and structural changes of the vertebrae caused by aging into the FE models is important [15] . Therefore, it is questionable whether the results will be the same as those of past FE analysis reports using theoretical morphological models and mechanical properties when the influence of aging is considered. Nevertheless, few FE analyses performed using clinical data of morphological models and mechanical properties and considering the influence of osteoporosis among the elderly have been performed.
The objective of this research was to perform a comparative study involving patient-specific FE analysis of the mechanical behavior of the vertebrae during PLIF with PEEK and titanium spacers by using the FE model created from computed tomography (CT) images of patients.
MATERIALS AND METHODS

Development of the Intact Model
To create a patient-specific FE model, we inputted the digital imaging and communications in medicine (DICOM) data of the lumbar spine CT images of a 72-year-old woman diagnosed with osteoporosis into a three-dimensional FE analysis program called Mechanical Finder (MF) (version 7.0, Extended Edition; RCCM Co. Ltd., Tokyo, Japan), which has been the most widely used program [16] . We also set the range of interest (ROI) as the second to fifth vertebrae and created a numerical model of the anatomical structure of the vertebral column. According to Keyak et al. [17] , MF is capable of not only defining a specific Young's modulus for each of the finite elements from the corresponding bone densities but also performing failure analyses.
The three-dimensional model was divided into tetrahedral solid elements with variable sizes of 0.75 to 10 mm, and 0.2-mm shell elements were also attached to the bone surface to provide structural stability [18] . The numbers of nodes, solid elements, and shell elements were 35,373, 171,538, and 22,724, respectively.
Development of the PLIF Models
PLIF models with posterior fixation were created for the L3 and L4 levels of the intact FE model using the stereolithographic (STL) data of the implants. The implants used were interbody spacers (8 mm × 22 mm: TELAMON-P Medtronic, Memphis, TN, USA), titanium pedicle screws (6.5 mm × 45 mm), and titanium rods (5.5 mm × 40 mm). The spacer material was assumed to be PEEK or titanium. The interac-J. Biomedical Science and Engineering tions between implants and the spinal components were as follows: the cage and endplate were in contact with each other, the PS and vertebral body were in contact with each other, and the PS and rod were fixed. The numbers of nodes, solid elements, and shell elements were 78,112, 358,669, and 41,090, respectively. The intact FE model without implants was called LS-INT. The PLIF model with PEEK spacers and the posterior fixation setting was called LS-PEEK. The PLIF model with the titanium spacer setting was called LS-Titanium (Figure 1 ).
MF is a program that is capable of determining the element-specific Young's modulus value from the mean bone density of each finite element using the method of Keyak et al. [17] . 
Poisson's ratio was fixed at 0.4 [19] , and the mechanical properties of each material were obtained from a previous report [20] (Table 1) .
To simulate physiological movements of the spine, as following loading conditions of loading were used in the FE models: compression of 400 N, assuming a standing rest position with a vertical load of 400 N; flex-ion and extension, assuming rotational loads of bending forward and backward; and compression of 0 to 1500 N, assuming a posture during which an axial load with increments from 0 to 1500 N was applied to the lumbar spine. Loads were applied to the superior surface and superior articular facet of L2 vertebra. The in-ferior surface and inferior articular facet of L5 vertebra were fixed in all directions ( Figure 2 ) [20] .
Static Elastic Analysis during Flexion and Extension
Static elastic analysis without any damage formation was also performed to evaluate the mechanical behavior of the vertebrae under a relatively low level of loading. The static elastic analysis compared the Drucker-Prager stress distribution of the inferior surface of L3 of each model during flexion and extension. Table 1 Loads and boundary conditions. Loads were applied to the superior surface and superior articular facet of L2 vertebra. The inferior surface and inferior articular facet of L5 vertebra were fixed in all directions.
To evaluate the mechanical behavior around the implant under each load condition (flexion and extension), the bones around the left spacer in L3 were divided into 20 equal areas (areas 1 to 20, each with thickness, width, and depth of 1.5 mm, 15 mm, and 5 mm, respectively), and the mean values of Drucker-Prager stress, strain energy density (SED), and minimum principal strain of each area were compared between the two models ( Figure 3 ).
Statistical software (IBM SPSS Statistics 21; IBM Japan, Tokyo, Japan) was used for the analyses. A t-test was used for normally distributed continuous variables. A p-value < 0.05 was considered statistically significant.
Nonlinear Fracture Analysis
When external forces in a vertical direction, such as during a fall, act on the human body, the high axial load is expected to be exerted on the spine. Furthermore, micro-damage formation is sometimes expected in the spine because of such high external loading, especially for older patients with osteoporosis. Therefore, nonlinear fracture analysis was performed under compressive conditions to simulate damage formation in the spine. The nonlinear analysis was performed by using a load increment of 150 N and starting from 0 to 1500 N. During each load increment, fracture analysis was conducted on the basis of the damage model. In the damage model, two types of compressive failure were considered: plastic deformation and fracture. The assumption was that, initially, when the Drucker-Prager equivalent stress reaches the yielding stress, plastic deformation starts. Later, when the minimum principal strain reaches a critical value of −10,000 με, the compressive fracture occurs [21] . For each load value, Drucker-Prager stress and minimum principal strain distributions that stipulate the fracture standard were analyzed.
RESULTS
Static Elastic Analysis during Flexion and Extension
Static elastic analysis was performed under flexion and extension conditions, and only the Drucker-Prager stress distribution on the inferior surface of L3 vertebra was shown (Figure 4) . During both load conditions, the intensity of Drucker-Prager stress in the PLIF models (LS-PEEK and LS-Titanium) was clearly higher than that of LS-INT. It was also observed that the intensity and range of Drucker-Prager stress for LS-Titanium were higher than those for LS-PEEK and tended to concentrate around the spacer, especially the spacer on the left side.
The mean values of Drucker-Prager stress, SED, and minimum principal strain in areas 1 to 20 of the bones around the L3 left spacer under flexion and extension conditions were obtained, and a significant difference was identified between the strain values of LS-PEEK and LS-Titanium (Table 2 ). In the flexion condition, the PLIF models (LS-PEEK and LS-Titanium) had significantly higher Drucker-Prager stress and SED and significantly lower minimum principal strain than LS-INT. Comparison between LS-PEEK and LS-Titanium showed that the latter had significantly higher Drucker-Prager stress and SED Table 2 . Mean value of each mechanical index (Drucker-Prager stress, strain energy density, minimum principal strain) of the 20 equal areas (areas 1 to 20) of the inferior surface of L3 vertebra contacting the spacer under load conditions of flexion and extension. Models with the PEEK spacer (LS-PEEK) and the titanium spacer (LS-Titanium) were statistically compared. and significantly lower minimum principal strain than the former ( Figure 5(A) ). In the extension condition, the PLIF models had significantly higher Drucker-Prager strain and SED and significantly lower minimum principal strain. A comparison between LS-PEEK and LS-Titanium showed that the latter had significantly higher Drucker-Prager stress than the former, tended to have higher SED in all areas (although not a significantly higher mean value), and had significantly lower minimum principal strain ( Figure 5(B) ).
Nonlinear Fracture Analysis
As a result of the axial load increment between 0 and 1500 N, failure occurred during the distribution state of vertical loads of 600 N or higher (Figure 6(A) ). Compared to LS-INT, in PLIF models (LS-PEEK and LS-Titanium), failure was concentrated in the rear of the L3 vertebra around the spacer starting from an early stage of load increments. L4 vertebra had only a small number of failure elements. When examining the failure element distribution, the difference between LS-PEEK and LS-Titanium was not clear; however, the number of compressive yielding and failure elements of L3 vertebra increased with the load increment. In addition, LS-Titanium tended to constantly have a higher number of compressive yielding and failure elements than LS-PEEK (Figure 6 (B) & Figure 6(C) ). The distributions of Drucker-Prager stress and minimum principal strain on the inferior surface of L3 vertebra are shown in Figure 4 (D) and Figure 4 (E), respectively. In PLIF models (LS-PEEK and LS-Titanium), the Drucker-Prager stress and minimum principal strain started to concentrate in the rear of L3 vertebra, around the point of contact with the spacer, from an earlier stage of load increment than in the LS-INT model. The area of concentration coincided with the points of plastic deformation and fracture.
DISCUSSION
FE analysis has been considered a sophisticated simulation method and an effective tool for elucidating biomechanics in the spine. Biomechanical evaluations based on FE analysis have shown that it is important to establish a model that can accurately reproduce the mechanical properties of each part. J. Biomedical Science and Engineering Establishing such a model requires patient-specific data regarding anatomic structures and material properties [22] . For this research, PLIF models were constructed by using an osteoporotic vertebra model using DICOM data of patient-specific CT scans and implants was constructed, and comparisons of the mechanical behavior of each model indicated that, for PLIF, the use of the PEEK spacer is mechanically more advantageous than the use of a titanium spacer.
Currently, both PEEK and titanium spacers are widely used for PLIF, and biomechanical studies of PLIF are still being conducted [23] . Previous reports have demonstrated the superiority of PEEK spacers through the application of FE analysis with the use of theoretical values of morphological and mechanical properties [10] [13] [14] . However, because PLIF is a type of surgery performed for elderly patients that has a clinically high risk of spacer subsidence in patients with osteoporosis [24] [25] [26] [27], it was considered necessary to perform an analysis of osteoporotic vertebrae that considered aging to demonstrate mechanical evidence and clinical applications [15] . Spacer subsidence, which is the cause of poor initial stability during interbody fusion, originates from directly below the vertebra contacting the spacer [28] . This is new information regarding the mechanical behavior of the peripheral region of the spacer.
It was clearly shown from the fracture analysis that the distribution of element failure under compression led to new mechanical knowledge that, compared to LS-INT, failure during the PLIF models (LS-PEEK and LS-Titanium) originates from the inferior surface of L3 vertebra around the spacer. This was seen as a justification to evaluate the L3 vertebrae, which are in the highest mechanical state, and especially the inferior surface of the L3 vertebra (Figure 4(A) ). According to the distribution of failure J. Biomedical Science and Engineering elements, the difference between LS-PEEK and LS-Titanium was not clear; however, the numbers of compressive yielding and failure elements in L3 vertebra were constantly higher for LS-Titanium than for LS-PEEK (Figure 4 (B) & Figure 4(C) ). This suggested that, compared to LS-PEEK, LS-Titanium is in a mechanical environment that causes loss of bone support mechanisms due to microfractures. The distributions of Drucker-Prager stress and minimum principal strain, which stipulate the fracture criteria, showed expansion from the rear of L3 vertebra in contact with the spacer as the load was incrementally increased. This led to a damage mechanism involving plastic deformation and fracture elements expanding from the rear of L3 vertebra in contact with the spacer (Figure 4 (D) & Figure 4 (E)).
Drucker-Prager stress exerted on the inferior surface of L3 vertebra under the conditions of flexion and extension in LS-Titanium tended to have a wider range and was higher than that of LS-PEEK ( Figure  5 ). This Drucker-Prager stress distribution led to a hypothesis that the use of a titanium spacer, compared to a PEEK spacer, would result in stress concentration on the vertebra endplate that could more easily become an excessive load, thereby causing microfractures of the bone tissue.
Evaluation of the bone areas around the spacer under flexion and extension conditions identified a significant difference between LS-PEEK and LS-Titanium ( Table 2) . Evaluations of SED and of Drucker-Prager stress under flexion and extension conditions indicated that PLIF models (LS-PEEK and LS-Titanium) had higher values than did LS-INT, especially LS-Titanium (Figure 6 (A-i) & Figure 6 (B-i)), thereby supporting our hypothesis. It was considered that the high mechanical stimuli in PLIF models (LS-PEEK and LS-Titanium) may negatively influence the bone remodeling process [29] [30] . Because LS-Titanium has higher mechanical stimuli, the use of a titanium spacer was thought to have a considerably negative influence on the remodeling of bones around the spacer. Similarly, during evaluation of the minimum principal strain, the PLIF models (LS-PEEK and LS-Titanium) also had smaller values than LS-INT, especially LS-Titanium ( Figure 6 (A-iii) & Figure 6 (B-iii)), again supporting our hypothesis.
To conclude, using a titanium spacer under conditions of compression with axial load increments from 0 to 1500 N, nonlinear fracture analysis detected more failure elements in the vertebra. Moreover, using a titanium spacer, the influences of Drucker-Prager stress, SED, and minimum principal strain on bones around the spacer under flexion and extension conditions were stronger. However, the level of influence under stress conditions such as these is unclear. Furthermore, it was suggested that with the use of a titanium spacer, microfractures occur more easily than with a PEEK spacer, thus indicating a significantly negative influence on the bone fusion process. In other words, from a biomechanical point of view, when a titanium spacer is used for PLIF in osteoporotic vertebrae, spacer subsidence occurs more easily than with a PEEK spacer, suggesting that it is unfavorable for bone fusion. However, with the boundary conditions of this research, it is not possible to express physiological motions of the spine. Considering the complex mechanical states that must exist within a living body, further biomechanical studies of several conditions may be necessary. Previous clinical research has demonstrated that the use of PEEK spacers for lumbar interbody fusion techniques produces high fusion rates [31] . Conversely, however, some reports have stated that the use of PEEK spacers is disadvantageous for bone fusion [32] . Others have affirmed that the type of spacer makes no difference in bone fusion rates [9] . Furthermore, a report has stater that PEEK and titanium spacers were associated with similar rate of fusion, but there is an increased rate of subsidence with titanium spacers [33] .Therefore, a single point of view has not yet been defined.
Reports such as this, which use FE methods built from the CT data of patients, are also used to understand the conditions of osteoporotic patients [34] and to evaluate surgery methods [18] . Therefore, their application to clinical problems is expected to grow in the future. However, analyses performed using FE have the following limitations. The load constraints of the vertebrae may be different than those of the human body during movement of the entire spine. The biological and biochemical reactions between biomaterial and bone during the fusion process have not been considered. Degenerative changes in the intervertebral disks and muscles after surgery as well as the influence of fatigue caused by repeated loads have not been considered.
CONCLUSION
Using FE analysis with a model built from clinical CT images, using patient-specific osteoporotic vertebrae data, and considering microfractures, it was possible to perform a more realistic mechanical study of vertebral column instrumentation. This research showed that PEEK spacers for PLIF in osteoporotic vertebrae compared to titanium spacers are in a mechanical environment less susceptible to subsidence caused by microfractures of the bone tissue and bone remodeling-related fusion. Therefore, the superior J. Biomedical Science and Engineering usability of PEEK spacers was suggested.
